ABSTRACT. A female stillborn Holstein calf with shortened cervical and thoracic regions, protrusion of the tongue, and bilateral symmetric flexural contraction of the anterior limbs was delivered on gestation day 281. Multiple hemivertebrae, fused and misshaped vertebrae, synostosis and scoliosis of cervical, thoracic and lumbar vertebral column were found in the affected calf by radiographic and c omputed tomographic (CT) analysis. Ten pairs of ribs were present and the sternum consisted of 9 sternebrae. Multiple morphologic abnormalities including fusion, malformation, and displacement, were found in the ribs and sternum. Cardiac anomalies, including atrial septal defect and hypertrophy of right ventricle, were observed. DNA-polymerase chain reaction (PCR) analysis demonstrated that amplified product from the liver DNA of the affected calf had identical pattern to that associated with complex vertebral malformation (CVM) of Holstein calves and that her dam was a heterozygous carrier of CVM. The affected calf was diagnosed as having CVM based on the DNA-PCR results and the characteristic findings, and was recorded as a first documentation of CVM confirmed in a Holstein calf in Japan. KEY WORDS: CVM, genetic defect, Holstein calf, malformation of vertebrae, stillborn.
Complex vertebral malformation (CVM), a lethal disorder in Holstein calves, is a newly recognized familial syndrome of Holstein cattle [1] . In stillborn, aborted, and preterm calves, CVM has been characterized by shortened cervical and thoracic regions of the vertebral column, bilateral symmetric contraction of the metacarpophalangeal and metatarsophalangeal joints, and symmetric arthrogryposis [1, 2, 10] . Multiple hemivertebrae, scoliosis, and synostosis of the vertebral column have also been described [1, 2, 10] . The occurrence of CVM in Holstein calves has been reported in Denmark [1] , the United States [2] , and the United Kingdom [10] in 2001. However, little is known about the prevalence of the disorder in Holstein dairy herds or the economic loss related to fetal and near-term deaths associated with CVM. Further diagnostic and genealogical information is necessary to understand and control this genetic disorder in the Holstein breed.
A defective stillborn Holstein calf submitted to this laboratory was found to be affected with CVM. The purpose of the present report is to document this first case of CVM confirmed in a calf in Japan. Here we delineate the results of necropsy, radiology, computed tomography (CT), and genealogical analysis.
MATERIALS AND METHODS
Affected calf: A female Holstein calf was delivered stillborn on gestation day 281 on a commercial dairy farm in Hokkaido, Japan. The calf was the fifth offspring of a multiparous dam that had previously borne four viable, normal calves. The calf was submitted to this laboratory for postmortem diagnostic examination. Body weight was determined by electronic balance (TRU-Test AG500, TRUETest Distributors Ltd., New Zealand) and compared against the standard growth rate for Japanese Holstein-Frisian dairy cattle [6] . The calf was examined macroscopically.
DNA-polymerase chain reaction (PCR) analysis: For DNA analysis, small amount of the liver was collected from the affected calf, and peripheral blood was sampled from the dam. The tissues were stored in RNA stabilizing solution (RNA-later TM Ambion, the RNA Co., U.S.A.) at -80°C until analysis by PCR. At a testing laboratory (Livestock Improvement Association of Japan, Maebashi, Gunma, Japan), DNA-PCR was used to analyze the tissue samples for diagnosis of CVM, according to the procedure developed by the Danish Institute of Agricultural Sciences (PA 2000 01717, Tjele, Denmark). Gel electrophoresis was conducted and the pattern of the amplified products was used to judge whether the material was that of normal origin, a CVM carrier, or homozygous for CVM.
Radiographic examination: The skull, vertebral column, ribs, sternum, and anterior and posterior limbs of the affected calf were examined radiographically with the X-ray system (Medix TU 130XF, Hitachi Medico, Tokyo, Japan). Depending on the region being examined, adjustments were set within 53-60 kVp and 8-19 mA, respectively.
Computed tomography (CT): In ventral recumbency, the skull, cervical to lumbar vertebral column, and ribs of the affected calf were scanned by CT system (Legato DUO, GE-Yokogawa Medical Sys., Tokyo, Japan) at settings 80 kV and 130 mA in 2-mm-thick contiguous views. The images were processed, reconstructed, and formatted on Xray film for evaluation and comparison with the radiographs.
Pedigree analysis: The sire of the affected calf was traced for genetic background and possible link with one of the animals marked as a suspected carrier of CVM on the dairy sire pedigree list [9] .
RESULTS

Macroscopical findings:
The stillborn calf weighed 32 kg, i.e., 77% of the standard weight of healthy female Holstein neonates. The tongue protruded, and the left and right ears were displaced caudally in a symmetric fashion. The cervical and thoracic regions of the vertebral column were noticeably shorter than normal (Fig. 1) . The bilateral metacarpophalangeal joints contracted symmetrically, and the left and right metatarsophalangeal-tarsal regions extended symmetrically. The abdomen was moderately distended.
DNA-PCR analysis: Genomic DNA collected from the liver of the affected calf and from the blood of the dam showed that the calf was homozygous for CVM and that the dam was a heterozygous carrier of CVM (Fig. 2) .
Necropsy findings: The forelimbs exhibited marked arthrogryposis, the metacarpophalangeal joints contracted with an 80° flexure, and the phalanges rotated medially, all in bilateral symmetry. In the hind limbs, the metatarsophalangeal joints had a low-grade symmetric flexure, and the left and right metatarsophalangeal-tarsal regions were slightly extended. However, no lesions were evident in the joints and muscles of either of the forelimbs or hind limbs. The animal had 10 pairs of ribs. Serohemorrhagic fluid was found in the thoracic cavity, and complete pulmonary atelectasis was evident. The heart had an atrial septal defect 2 cm in diameter, moderate dilation of the pulmonary artery proximal to bifurcation, and hypertrophy of the right ventricle (data not shown).
Radiographic findings: Radiographs showed multiple hemivertebrae in addition to fused and misshapen vertebrae in the cervical and thoracic (Figs. 3, 4) , and thoracic and lumbar regions (Fig. 5 ) of the vertebral column. Altogether the vertebral column consisted of 41 vertebrae: 6 cervical, 10 thoracic, 5 lumbar, 5 sacral, and 15 caudal. C6 and C7 were fused (Figs. 3, 4) , multiple hemivertebrae were observed in the thoracic region both cranially and caudally (Figs. 3, 5) , and the first and second lumbar vertebrae (L1 and L2) were fused and the third (L3) was malformed. The ribs numbered three pairs fewer than normal, the intercostal spaces were not parallel, and the anterior ribs were fused at the vertebral end but after a few centimeters of fusion they separated normally toward the sternal attachment. The sternum consisted of 9 sternebrae of disproportionate and varying size, misshapen, and displaced (Fig. 6) . The left and right tarsi were elongated slightly.
Computed tomography findings: CT images provided sharp details of the C6 and C7 fusion and the thoracic hemivertebrae ( Fig. 7) , matching the corresponding anomalies shown on the radiographs. The fusion of vertebrae and scoliosis of vertebral column were clearly observed in thoracic vertebral region (Fig. 8) . In addition, a single vertebra (L3) in the cranial lumbar region was completely jutted out of alignment, sitting atop the other lumbar vertebrae (Fig.  9) . Cross-sections of the malformed vertebrae indicated the absence of uniformity or homogeneity, and low bone density was evident.
Pedigree analysis: The sire of the affected calf was found to be a carrier of CVM [8] and was linked genealogically to a bull identified as one of the ancestral carriers of CVM (Fig. 10) .
DISCUSSION
This report is the first documentation of CVM in a Hol- stein calf in Japan. Based on necropsy, radiographic findings, CT images, and examination of the pedigree of the stillborn calf in the study, our CVM diagnosis substantiates the mounting concerns that this familial syndrome may be distributed globally [1, 2, 10] . As in cases described in Europe and North America [1, 2, 10] , this stillborn calf from Hokkaido was demonstrated to be homozygous for CVM, based on the results of the DNA-PCR test and the characteristic features of the affected calf. In the present study, two points of departure from cases reported so far are the stark details of the vertebral anomalies enabled by CT and the sternal defects found radiographically. In line with anomalies characteristically associated with CVM, the most striking signs besides the sternal defects in the present calf were (i) protrusion of the tongue; (ii) shortened cervical and thoracic regions of the vertebral column; (iii) symmetrical arthrogryposis of the anterior limbs, with flexural contraction of the metacarpophalangeal joints; and (iv) 23 percent reduction in body weight in spite of full-term delivery. These anomalies concur with the syndrome of defects described in the affected calves with CVM in Denmark [1] , the United Kingdom [10] , the United States [2] , and suspected in the Netherlands [11] .
In various breeds of cattle, a wide array of congenital defects may occur in the vertebral column, such as short spine lethal, atlanto-occipital fusion, kyphosis, lordosis, scoliosis, and torticollis [1, 3] . Differentiation of CVM, as manifested in preterm fetal death and stillborn or aborted Holstein calves, is mainly based on the concurrent presence of (a) arthrogryposis, which is not present in short spine lethal; (b) reduced body weight; and (c) the shortened cervicothoracic vertebral column as opposed to reduction of the entire column, which is manifested in short spine lethal [1] . In the present case, spinal shortening ranged from the caudal cervical to the cranial lumbar vertebrae (C6 to L3), a finding in harmony with the C4 to L2 range described by Agerholm et al. [1] . The many hemivertebrae found in the present case may have been responsible for malalignment and shortening of the spinal column. Although various anomalies may be present in CVM, the predominant focal point of malformation is the pectoral area of the body. An important phenomenon in the present study was the severely malformed sternum. In the normal embryo, Noden and De Lahunta [8] have demonstrated that the distal ends of the cartilaginous ribs grow toward the sternal bars, contact one of two longitudinal sternal bars and fuse in the ventral midline, then undergo segmentation to form a series of sternebrae. In the light of these developments, the abnormal number of sternebrae and their disproportionate sizes and displaced arrangement in our stillborn calf lead us to the plausible explanation that abnormalities in the ribs reflect the abnormal morphology of the sternum. Although no CVM reports to date have mentioned the sternum, we believe that, in CVM-affected calves with anomalous ribs, examination of the sternum would help to elucidate the total picture of the CVM syndrome and thus enhance understanding. In view of cautions by Duncan et al. [2] that, unless malformations are severe, abnormal cervical or cranial thoracic vertebrae might be overlooked during collection of routine diagnostic samples, we believe that sternal anomalies may be overlooked in favor of more obvious defects. To document sternal anomalies associated with CVM, radiographic examination is valuable.
In the axial skeleton, anomalies are generally prominent in the pectoral region, including the ribs and sternum, as borne out by the present case. Whereas the present calf had an atrial septal defect, ventricular septal defect is common [1, 2] . Agerholm et al. [1] reported cardiac anomalies in 50 percent of the 18 CVM-affected calves found in Denmark, including ventricular septal defect, dextroposition of the aorta and hypertrophy of the right ventricle. In addition, pulmonary atelectasis, either lobular or complete, has been described in CVM-affected calves [1, 2] . It is not certain whether atelectasis in the present case is attributable directly to CVM or to a phenomenon associated with stillborn animals in general.
Incidental defects in affected calves include palatoschisis, dermoid attacted to the conjunctiva, slight brachygynathia, and caudoventral displaced ears [1, 2] . Sires and dams identified so far have produced one or more normal viable offspring before the one with CVM [1] . Both male and female calves are affected, and those reported so far have been a singleton, not a littermate [1] . Our case was also a singleton. Almost all calves reported so far have been stillborn, aborted, or preterm fetal deaths; and if the calf was born alive, death was imminent [1] . Economic losses due to early fetal death associated with CVM appear to be costly (personal communication), but the frequency of CVM-related embryonic death and abortion in early gestation remain to be clarified in the Holstein dairy herds.
The paramount concern is that CVM is a familial syndrome that implicates inbreeding and the common practice of using semen from a limited number of elite bulls and their progeny, several of which have been identified as CVM carriers. The number of CVM carriers in a given herd will depend on past usage of semen from carrier bulls. In Japan, 13 of the 40 sires (32.5%) listed in "Top 40 Nippon Total Profit Index" were identified as CVM carriers in 2001 [7] . Based on these findings, the likelihood is high that extensive use of Holstein sires known to be heterozygous carriers has increased the number of CVM carriers over a long period in Japan. A similar situation was detected and dealt with in Holstein carriers of bovine leukocyte adhesion deficiency (BLAD) in Japan during the early to middle 1990's (4, 5) .
In pedigree analyses of CVM-affected calves in Denmark, Agerholm et al. [1] traced the CVM carriers to one of two common ancestral sires among Holstein cattle in the United States and to several sires and dams in the Netherlands. In view of the international use of semen for reproduction by artificial insemination (AI) in Holstein cattle, the number of calves recognized with CVM is suspected to increase until preventive measures are taken. Currently in Japan, bulls determined to be carriers of this genetic disorder have been designated by the letters "CV," and bulls that are not carriers are listed as "TV" for artificial insemination reference purposes [7] . Most Holstein bulls in this country are now being screened, and a growing list of "CV" bulls has been identified. For reproduction of dairy cattle, CVM carriers are being used with extreme caution; and a program for the elimination of the CVM carriers is being enacted.
During the interim between now and the eradication of CVM, it is important to clearly identify the phenotypes as a means toward understanding the syndrome as fully as possible. Noting that the malformations themselves were not necessarily the cause of death in the calves with CVM in Denmark, Agerholm et al. [1] conjectured that an unrecognized lethal factor might be present in affected calves. Further research is warranted to elucidate the possible presence of a lethal factor and to evaluate economic losses resulting from CVM. In agreement with recommendations by Duncan et al. [2] , we believe that all calves with abnormal vertebral conformation should be submitted to a research laboratory for thorough evaluation. As more cases come to light, phenotypes that have not been recognized heretofore may yet be found that can shed further light on the disorder and help to expedite eradication.
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